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MOVEMENT OF MULTI -ENZYMATIC NANO AS SEMBL I E S ON RECOGNITION 
LANDSCAPES 



CROSS REFERENCE TO RELATED APPLICATION 

10 

This application claims priority on U.S. Serial No. 60/393,691 
filed July 3, 2002, which is incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

15 

The present invention relates to multi-enzymatic nano-assembly 
structures that move directionally on recognition landscapes or 
substrates . 

20 Throughout this application, various publications are referenced to 
as footnotes or within parentheses. Disclosures of these 
publications in their entireties are hereby incorporated by 
reference into this application to more fully describe the state of 
the art to which this invention pertains. Full bibliographic 

25 citations for these references may be found at the end of this 
application, preceding the claims. 

Despite impressive progress (1-6) in the engineering of artificial 
and biological motors, important difficulties remain unresolved. 

30 In contrast to biological motors, all artificial molecular motors 
are unable to undergo continuous conformational changes in the 
presence of an excess of fuel; instead they require intervention by 
an operator (i.e. via the addition of anti-fuel) to complete the 
cycle and prepare for the next movement. Also, efforts to 

35 spatially direct movements of individual motors and to operate 
multiple motors coherently in order to achieve macroscopic effects, 
i.e. directed movement of objects on nanoscale or mesoscale, has 
not been successful. Further, because biological motors are 
optimized by evolution to function in specific environments, 

40 incorporating them into new systems requires extraordinary amounts 
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5 of retro- and forward engineering. 
SUMMARY OF THE INVENTION 

The present invention takes a novel approach, one that does not use 
10 known artificial or natural motors. The present invention provides 
de novo molecular machines, and defines rules that describe their 
behavior. The invention can be used for applications in which 
these rules are not restrictive. They can be constructed using 
nucleic acid-based sensors, catalysts and computation elements (7- 
15 11) . 

The present invention provides a new paradigm in the construction 
of artificial molecular scale machines. Unlike all previous 
models, continuous movement is achieved through coupling the 
20 catalytic reactions of oligonucleotides to their interactions with 
recognition landscapes, and spatially directed movement is achieved 
through a gradient in the density of substrate-fuel in the 
recognition landscape, or a chemical gradient in solution, or an 
asymmetry among the subunits of the machine. 

25 

The present invention provides molecular "spiders", which travel 
along a feed substrate by catalytic reactions. The substrate 
consists of tethered DNA/RNA oligonucleotide "fuel" molecules. The 
spider design may comprise streptavidin complexed with four or more 

30 oligonucleotide-based (deoxyribozyme) catalyst "legs. " The spider 
moves along the substrate in search of fresh fuel leaving behind a 
trail of exhausted fuel. Each leg experiences a fuel consumption 
cycle: recognition, fuel cleavage, and product release. The 
plurality of legs enables the spider to achieve movement on the 

35 substrate surface after one leg achieves cleavage, it is able to 
seek fresh a fresh fuel site, while other legs are still bound by 
recognition. Thus, the legs move out of phase. The tethered 
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5 product fragments can be labeled ( f lourescently or with gold 
nanoparticles) to investigate the trail of movement. 

The invention provides programmable molecular scale machines that 
would move directionally for as long as they are provided with 
10 fuel. These machines would require no intervention by an operator 
beyond an initial instruction set given in the form of a 
recognition landscape . 

A nanoassembly with a plurality of, e.g., four or more 
15 deoxyribozymes ("molecular spider") would move on surfaces with 
attached substrate-fuels. The nano-assemblies may be constructed 
from inert carriers and deoxyribozymes with phosphodiesterase 
activity. The substrate-fuel may be hybrid DNA/RNA, and may be 
arranged in a gradient to define a movement path for the nano- 
20 assemblies. 

According to the present invention, a macromolecular assembly is 
provided comprising a body and at least four catalytic leg units 
having nucleic acids, the assembly being adapted to travel across a 
25 layer of feed oligonucleotide fuel substrate molecules wherein 
each catalyic leg unit recognizes and binds to a fuel substrate, 
cleaves the fuel substrate and searches for a new fuel substrate, 
said leg units alternately binding and cleaving out of phase to 
keep at least one leg unit bound to a fuel substrate. 

30 

According to another aspect of the present invention, a 
macromolecular system is provided, comprising a macromolecule as 
described above, and a feed layer having oligonucleotide substrates 
as fuel molecules. 

35 
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DESCRIPTION OF THE DRAWINGS 



Figure 1 - Shows movement of a four-legged spider nanoassembly on a 
surface with tethered substrate-fuel (side view) : A^B. Spider 
attaches to surface with multivalent binding to the surface; B^C. 

10 Enzymatic leg-1 cleaves substrate (B) and C"^D "searches" for 
another substrate (D) , while another substrate gets cleaved (D, 
leg-3) ; DH^E. Leg-1 binds a new substrate, while leg-3 searches 
for a substrate and yet another gets cleaved (leg-4) ; In D^E 
spider's center of gravity moved toward leg-1; F. Over time spider 

15 moves, while irreversibly changing the surface. Legs could be all 
equivalent or could be different to form asymmetric spiders. 

Figure 2 - A: Shows cleavage of hybrid substrate by reaction of 
deoxyribozyme 12E (13) modified with biotin; fluorogenic reaction 

20 is shown with substrate double end-labeled. Upon cleavage there is 
an increase in fluorescence emission of fluorescein F, as black 
hole BH quencher is removed. When substrates are attached to 
surfaces, F is substituted with amino group and there is no BH. 
Two other deoxyribozymes 10-23 (14, substrate changes to central 

25 5'rGrU) and 17E (15) may also be used. B: Streptavidine complexed 
with four biotin-labeled deoxyribozymes grabbing and cleaving the 
fuel in solution. Streptavidine is a tetramer organized in D2 
point symmetry, however with an appropriate linker length this 
should not be a factor. 

30 

Figure 3: Shows alternative construct having four and six 
deoxyribozymes attached at double helix or three-way junction. 
Wiggly line represents flexible polyethylene glycol spacers. 

35 Figure 4: Shows chemistry of the attachment of oligonucleotides to 
the slides (cf. text). 
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DETAILED DESCRIPTION OF THE INVENTION 



According to the present invention, a macromolecular assembly is 
provided comprising a body and at least four catalytic leg units 
having nucleic acids, the assembly being adapted to travel across a 
10 layer of feed oligonucleotide fuel substrate molecules wherein 
each catalyic leg unit recognizes and binds to a fuel substrate, 
cleaves the fuel substrate and searches for a new fuel substrate, 
said leg units alternately binding and cleaving out of phase to 
keep at least one leg unit bound to a fuel substrate. 

15 

* 

The leg units may have the same nucleic acids or may have different 
nucleic acids. The assembly may have at least six catalytic leg 
units . 

The four leg units may be arranged in a tetrahedral relationship, 
20 or may be arranged in a rectangular relationship, for example. 

The leg units may be comprised of DNA enzymes, and/or RNA enzymes. 

The body may be comprised of streptavidine . The body may be 
25 comprised of DNA and/or RNA. 

The leg units may include flexible polyethylene glycolspacers . 

According to another aspect of the present invention, a 
30 macromolecular system is provided, comprising a macromolecule as 
described above, and a feed layer having oligonucleotide substrates 
as fuel molecules. 

The oligonucleotides may be made of DNA, RNA or a mixture thereof. 

35 

The fuel molecules may be arranged in a gradient on the substrate. 
The leg units may comprise different nucleic acids. 
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As used herein, the term "molecular spiders' 7 or "spiders" means 
macromolecules with multiple attached DNA enzymes (deoxyribozymes , 
12) that interact with and degrade substrates-fuels (Figure 1) . 
The spiders attach to surfaces displaying tethered substrate-fuel 

10 and move on these surfaces through cycles of fuel recognition 
("injection") , fuel cleavage ("burning"), and product release 
("exhaust") . The spiders are attached through multivalent binding 
of enzymes to surfaces. With an appropriately calibrated binding 
affinity (Km) and turnover rate ( k C at) spiders are unlikely to be 

15 released in solution as long as they can rapidly capture another 
substrate before all of their enzymatic units are released. The 
inert machromolecular bodies of spiders can be constructed from 
various oligomeric proteins, branched DNA molecules, dendrimers, or 
even smaller polymer particles. The key functional components of 

20 molecular spiders are "motor-sensor legs", oligonucleotide-based 
catalysts that cleave the substrate-fuel and release waste 
products. Deoxyribozymes exert phosphodiesterase activity on 
hybrid DNA/RNA oligonucleotides and spiders may contain four to six 
identical deoxyribozyme units. Asymmetric spiders may be provided 

25 with non-identical legs, as they may leave traces with designer 
shapes. Chemotaxis of these nanoassemblies may move up and down 
gradients of fuel on surfaces and gradients of allosteric promoters 
in solution. 

30 The history of the movement along the fixed gradient can be 
followed by tracing the tethered fragments of consumed fuel. 
Consumed fuel can be chemically modified selectively over intact 
fuel. This modification can be used to direct deposits of metallic 
materials (e.g. gold nanoparticles ) to traces, which are then 

35 imaged by scanning electron microscopy, or one can fluorescent ly 
label products, and observe shapes of the traces through various 
fluorescent microscopies . 
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Steptavidine may be employed in a complex with four 3 1 biotin- 
labeled deoxyribozymes (Figure 2B) , four deoxyribozymes attached to 
a double helix, and six deoxyribozymes attached to a three-way 
junction (Figure 3) . Oligonucleotides may be custom-made, and no 
10 covalent chemistry of attachment will be involved. Components may 
be mixed together followed by appropriate purification. 

Streptavidine and three different deoxyribozymes (13-15) may be 
used with turnover numbers spanning over three orders of magnitude, 

15 from 0.04 to 4 per minute. Long polyethylene glycol (PEG) spacers 
for 3 1 biotin attachment may be used for each deoxyribozyme . One 
can construct the assemblies in Figure 3 by mixing individual 
chains and purifying resulting DNA spiders by gel electrophoresis. 
One can test whether the assemblies retain the capacity for 

20 multiple turnovers in the presence of an excess of substrate, and 
then identify conditions (concentration of salts and divalent metal 
ions) that result in the largest spread among cleavage rates. 
These optimizations may be done in the presence of double end- 
labeled fuel for fluorogenic detection of cleavage (7). In the 

25 optimization process one can test other PEG linker lengths in 
deoxyribozymes (in order to change the size and flexibility) and 
fuels with mismatches which may increase the turnover rates, 
facilitating the release of the products. The all-DNA constructs 
(Figure 3) may have their length and flexibility optimized and 

30 bends may be introduced through bulges. Four-way junctions may 
provide eight-legged spiders. Fluorogenic detection may be key for 
rapid initial characterization of spiders. 

Upon determination that the spiders are indeed catalytically active 
35 in solution, one may study their movement on glass slides to which 
deoxyribozyme substrates have been tethered (Figure 4). One may 
initially make glass slides with several different concentrations 
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5 of substrates, although one can also use silicon chips or gold 
surfaces, including Biacore chips. One can use published 
procedures to f unctionalize glass slides with amino groups through 
reaction with 3-aminopropyltrimethoxysilane (16-17) . One can then 
react amine-modif ied glass slides with succinic anhydride. 

10 Activation of the resulting acidic functionality to its 
pentaf lurophenol ester will allow coupling to oligonucleotide fuel 
modified with amines. Concentration of fuel can be controlled by 
mixing amino-derivatized fuel with irrelevant amines during 
coupling with tethered pentaf luroesters . One can test all spiders 

15 on one fuel surface at first. To optimize this surface, one can 
change various parameters in the fuel, including inclusion of 
mismatches in the 5 ! and 3 1 regions, the length of PEG spacers and 
chemistry of attachment. 

20 Spiders may be applied to derivatized glass slides in buffer that 
is non-supportive of catalytic reaction (i.e. no bivalent ions), at 
initial concentrations of ~1 spider per 100 jam 2 . The slides may be 
incubated in a buffer facilitating catalysis for various periods of 
time. One may expect spiders to move in two dimensions on slides, 

25 without detaching from the surface, because at any moment the 

a 

likelihood is that at least one of the deoxyribozymes will be 
attached to the surface. In the unlikely event that four-legged 
spiders are released too rapidly from surfaces, one can test 
deoxyribozymes with longer substrate recognition arms (higher Km) 

30 or with more arms. Proper controls would include testing the 
system with non-cleavable fuel and fuel containing mismatches; 
testing with inhibitors of catalytic activity and with three-, two- 
and one-legged spiders. Other interesting experiments that may be 
performed are studies of the movements of spiders with three 

35 functional deoxyribozyme legs, and with four deoxyribozyme legs, 
but with mixed spacers and mixed cleavage rates. In all these 
instances, the plaques of the spent fuel will probably on average 
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5 not point in any direction; however, their dimensions and shapes 
may depend on types of constructs used. In the experiments with 
asymmetric spiders initial orientation of spiders on the surface 
will likely influence the directionality of the traces, and that 
one can induce interesting shapes in traces (e.g. spirals or 
10 curvatures) . 

In the initial experiments, individual tracks of spiders may be 
visualized through selective modification of the cleaved fuel. For 
example, by using fuel with phosphorylated 5 ! ends cleavage would 

15 specifically create a non-phosphorylated oligonucleotide attached 
to the substrate surface. Reacting this product selectively with 
yS-ATP in the presence of T4 polynucleotide kinase would give one 
reactive thiols at the 5' end of the tethered products, and would 
immediately allow one to label the trace with 6-iodoacetamido 

20 fluorescein for scanning fluorescence microscopy. Thiols can be 
also used to deposit gold nanoparticles for scanning electron 
microscopy. Alternatively, the movements of individual apiders 
labeled with fluorescein could be visualized with confocal 
fluorescence microscopy. The fuel attachment can also be reversed 

25 to generate phosphomonoesters at the 3 1 end of the cleavage 
products. These can then be slectively f unctionalized as well, 
through various couplings to amines. The traces of cleavage 
products, their shapes and lengths may be used to characterize 
spiders. From the foregoing description and tests, one can 

30 understand the relationship between spider characteristics, fuel 
concentration and motility, and will be able to more precisely 
define important parameters for the chemotasis experiments. 

One may pursue the chemotaxis of assemblies along gradients of 
35 fuel. These experiments may be performed in the same way as those 
described herein, except one may construct glass slides displaying 
gradients. One may include demonstrations that other types of 
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5 recognition can be connected to chemotaxis in gradients of 
attractants and repellants, such as recognition by aptamers and 
nucleic acid enzymes of small molecules and short oligonucletides . 

One may also use surfaces with constant fuel concentrations but 
with gradients of allosteric promoters in the solution phase. One 

10 could thereafter diverge into two areas. In the first area, one 
could target movement on biomimetic membranes triggered and 
directed by gradients in solution. In the second area, one could 
take advantage of the programmable nature of the movement of 
"spiders" to use them to irreversibly change surfaces in such way 

15 as to facilitate the deposition of conducting materials. 
Envisioned practical applications include nanopatterning, tissue 
repair, detection of mechanical defects on surfaces and 
construction of intelligent sensors and drug delivery tools. 

20 Two examples of making the spider assemblies are given below. 
Example 1 

Streptavidine is mixed with the excess of nucleic acid catalysts 
containing biotin at 5' or 3 r ends. Unreacted catalysts are 
25 removed by passing reaction mixture through streptavidine columns. 

Example 2 

Oligonucleotide A (i.e. half-spider A) contains two nucleic acid 
30 catalysts at 5 1 and 3 f ends, separated by inert spacers and a 
central oligonucleotide stretch. Oligonucleotide B (i.e. half- 
spider B) contains two nucleic acid catalysts at 5 1 and 3 ! ends, 
separated by inert spacers and a central oligonucleotide stretch. 
Two central stretches are complementary. Half-spiders A and B are 
35 mixed at equimolar ratios, heated at 95 degrees C and slowly cooled 
to room temperature. The complementary stretches combine and this 
process leads to the formation of a full spider, which could be 
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5 purified through non-denaturing gel electrophoresis. 

Although a preferred embodiment has been shown and described the 
invention is not limited thereby and its scope is defined in the 
appended claims . 
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